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Abstract
Diffusion of heat in metals is a fundamental process which, surpris-
ingly, received only a little attention from the research community. Here,
we study heat diffusion on the femtosecond and few picoseconds time scales.
Specifically, we identify the underlying time scales responsible for the gen-
eration and erasure of optically-induced transient Bragg gratings in metal
films. We show that due to a interplay between the temporally and spa-
tially nature of the thermo-optic response, heat diffusion affects the temper-
ature dynamics in a partially indirect, and overall non-trivial way. Further,
we show that heat diffusion affects also the nonlinear response in a way
that was not appreciated before.
1 Intro
Heat generation and dynamics is central to our understanding light-matter in-
teractions in metals [1, 2, 3], specifically for the purpose of separating thermal
effects from (non-thermal) electronic effects [4, 5, 6, 7, 8, 9, 10]. It is also critical
for many applications [11, 12] and specifically, for the correct interpretation of the
role of heat in nanophotonic applications such as plasmon-assisted photocataly-
sis [13, 7].
The standard model of heat generation and dynamics in metals is the well-
known Two Temperature model (TTM) whereby a distinction is made between
the electron subsystem and the phonon subsystem (each assigned by its own
temperature) and the electron system is assumed to become thermalized before
significant energy transfer between the electrons and the phonons occurred. The
TTM was originally introduced phenomenologically [14], and later derived from
a classical point of view in [15, 16] as well as from a semi-quantum mechanical
point of view (the Boltzmann equation) in [17]. Unfortunately, as well known,
the assumption underlying the the TTM is never strictly valid. As a remedy,
using a similar model, we derived in [4, 5] an extended version of the TTM
(referred to below as the eTTM) whereby the early stages of the thermalization
of the electron subsystem are accounted for via the total energy of the non-
thermal electrons; the latter is then characterized by a fast rise time and slow
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decay time, corresponding to the thermalization of the electron subsystem1 ,2.
This derivation confirmed the phenomenological model presented much earlier
in [19, 20]. In contrast to the TTM, the eTTM allows the electron subsystem to be
non-thermal, and only assumes (by adopting the relaxation time approximation,
RTA) that the electron subsystem can be described by some temperature - the
one to which the electron system would have relaxed if it was isolated from the
photons and phonons, see discussion in [4, 5]. In that sense, within the validity
conditions of the Boltzmann description and the RTA, the eTTM is valid at all
times (in particular, also before all the non-thermal energy is depleted) and the
temperature varies instantaneously upon absorption of photons as it reflects the
total energy of the electron system.
Most research to date focussed on the derivation of the thermal properties,
the coupling dynamics and the temporal dynamics. However, quite peculiarly,
all early studies ignored heat diffusion. It seems that this neglect suited most
of the configurations studied experimentally. Indeed, on one hand, nanometric
metal particles or thin films are characterized by a uniform electric field and
hence, uniform temperatures. In fact, the temperature is uniform even for metal
nanostructures extending to several tens or even hundreds of nanometers, due
to the strong heat diffusion in metals [3, 21]. Furthermore, whenever a large
beam was used for illumination, diffusion was a slow process occurring only on
the edges of the illumination spot, away from where the processes of interest oc-
curred. However, on the other hand, it is easy to appreciate that there are several
scenarios in which heat diffusion cannot be neglected. These include, for exam-
ple, highly non-uniform illumination of micron-scale metal objects, thick metal
layers into which light penetration is minimal, metal-dielectric composites [22]
etc.. In those cases, the heat diffusion causes the strongly illuminated regions
to reach lower maximal temperatures (compared to the diffusion-free case) and
the weakly-illuminated regimes to initially get hotter (before cooling down with
the rest of the system due to heat transfer to the environment), as also observed
in [23]; heat diffusion may also affect the overall time scales for the dynamics in
a non-trivial way [24, 25].
There are several generic configurations in which it is interesting to study heat
diffusion: diffusion of a localized heat spot in a thin film (studied in [26]), diffu-
sion to the depth [27, 1, 28], diffusion around a metal taper [24] and diffusion of
a periodic heat pattern (aka transient gratings, TBGs). In the latter scenario, an
optically-induced heat TBG in a metal can self-erase due diffusion. In this case,
the temperature dependence of the metal permittivity might induce a reflectivity
that can be turned on and off on a sub-picosecond time scale, as for free-carrier
gratings [29]. This property is appealing for ultrafast switching applications, as
it provides switching speeds significantly faster than what is commonly achieved
with FC switching [30]. However, to the best of our knowledge, TBGs in met-
als were studied before only for the slow (nanosecond and microsecond) phonon
dynamics (see, e.g., [31, 32, 33, 34]), where the electron thermalization and sub-
picosecond temperature dynamics were conveniently ignored. Studies of faster
dynamics were performed in [35] for time scales of several hundreds of picosec-
1In comparison, the source in the TTM has just the temporal profile of the absorbed power.
2Note that the eTTM does not capture the increase of rate of energy transfer to the lattice
during the thermalization time, as discussed in [18]; however, this effect should have, at most,
a modest quantitative effect on the issues discussed in the current work.
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onds and in [28] on few tens of picoseconds scale (6µm gratings in buried metal
bilayers). The ignorance of the subpicosecond dynamics might have originated
from the absence of a proper theoretical tool valid in that temporal range.
Accordingly, using our novel (all-time valid) eTTM, we focus in the current
manuscript on the subpicosecond and few picosecond spatio-temporal heat dy-
namics in optically-induced gratings, specifically, on the interplay between the
numerous picosecond time scales - thermalization rate (defined as ΓNT ), e − ph
energy exchange rate (ΓTe) and the diffusion time τdiff . Based on standard (i.e.,
single temperature) heat equations, the latter is defined using the second-order
(spatial) moment of the solution of the diffusion equation subject to the periodic
modulation, namely,
τdiff ≡ d
2
4π2De
, De ≡ Ke
Ce
, (1)
where De, Ke and Ce are the diffusion coefficient, thermal conductivity and
heat capacity of metal electrons. The magnitude of the diffusion constant De
of metal electrons is approximately De ≈ 100 cm2s−1 (as demonstrated experi-
mentally [26]), a very high value. With sufficiently strong inhomogeneities of the
illumination (specifically, small periods, in the current context), the heat diffusion
can become as fast as a few hundreds of femtoseconds. This unique combination
of spatial and temporal nonlocality explains why the standard trade-off of the
nonlinear optical response of materials between speed and strength can be sur-
passed by metals (see discussion in [36]).
Specifically, we show, somewhat surprisingly, that due to the non-trivial in-
terplay between the temporal and spatial nonlocal nature of the thermo-optic
response of metals, heat diffusion dominates the dynamics only in a narrow tem-
poral regime - between the thermalization (∼ 0.5ps) and e − ph heat transfer
(∼ 1ps) time scales. Furthermore, we show that the gratings do not get totally
erased, but rather persist for many picoseconds. This makes TBGs in metals un-
suitable for many ultrafast switching applications, except in the extreme spatial
non-local limit.
Finally, we also show that the spatial nonlocal nature of the nonlinear re-
sponse of the bulk metal (not to be confused with the structural nonlocality in
metal-dielectric composites, see [37]) affects the overall magnitude of the non-
linear response. This newly observed effect might have been playing a role in
the multiplicity of reported values of the intensity-dependent optical nonlinearity
of metals (see [38, 39]) and provides yet another motivation to avoid describing
the nonlinear optical response by a nonlinear susceptibility, a concept which was
derived in the context of spatially- and temporally-local (i.e., Kerr) electronic
nonlinearities.
2 Spatio-temporal dynamics of the electronic and
phonon temperatures
2.1 Model - the extended Two Temperature Model (eTTM)
We adopt here the extended Two Temperature Model (eTTM) which describes
the spatio-temporal dynamics of the non-thermal electron energy as well as of
the electron and phonon (lattice) temperatures [4, 5]. In this approach, UNTe , the
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energy density of the NT electrons is given by3
∂UNTe (~r, t)
∂t
= −ΓNTUNTe (~r, t) + 〈pabs (~r, t)〉, (2)
where the first term on the RHS describes the macroscopic e− e and e− ph scat-
tering rates, represented by Γe,Γph, respectively. The second term on the RHS,
〈pabs〉, describes the time-averaged absorbed power density. Using the Poynt-
ing theorem for dispersive media and assuming that all the photon energy is
converted into heat together with the assumption of a slowly varying envelope
approximation in time, it can be written as
〈pabs(~r, t)〉 = 1
2
ǫ0ǫ
′′
mωpump〈| ~E (~r, t) |2〉, (3)
where ǫm is the metal permittivity (and ǫ
′′
m is its imaginary part), ωpump is the
pump frequency, ~E is the local electric field and 〈〉 stands for time averaging over
the period. The decay rate of the NT energy (also referred to as the thermalization
rate) is denoted by
ΓNT = Γe + Γph. (4)
Here, Γe represents the rate of exchange of energy between the non-thermal elec-
trons and the thermal ones, or in other words, it represents the thermalization
rate of the electron distribution as a whole. It was computed and measured to
be on the order of several hundreds of femtoseconds (see e.g., [19, 18, 16, 40] to
name just a few of the studies of the thermalization). In [20] it was found ex-
perimentally that Γe is independent of the laser fluence in range of 2.5 − 200 µJm2 ,
corresponding to electron temperature rise of up to about 200K. Similarly, Γph
represents the rate of energy transfer between the non-thermal electrons and the
phonons. Due the similarity in the physical origin, it is set to the same value cho-
sen for the energy transfer rate between the thermal electrons and the phonons
(ΓTph), see below.
The equations for the temperatures are
Ce(Te)
∂Te(~r, t)
∂t
= ∇[Ke(Te, Tph)∇Te]−Ge−ph(Te − Tph) + ΓeUNTe (~r, t),
Cph
∂Tph(~r, t)
∂t
= ∇[Kph(Tph)∇Tph] +Ge−ph (Te − Tph) + ΓphUNTe (~r, t).
(5)
In these coupled heat equations, UNT serves as the heat source, C and K are
the heat capacities and thermal conductivities of the electrons and the lattice
as denoted by subscripts e and ph; Ge−ph is the electron-phonon coupling factor
related to the rate of energy exchange between the electrons and the lattice. This
occurs on time scales defined as ΓTe ≡ Ge−ph/Ce [18] and ΓTph ≡ Ge−ph/Cph,
respectively. Since ΓTe ≫ ΓTph , the latter is essentially negligible. Also worth
noting is the relative smallness of the phonon diffusion Kph, which is henceforth
neglected.
3Note that in Eq. (2), we neglect diffusion of the non-thermal electrons. A proper deter-
mination of their contribution to the dynamics involves a full non-equilibrium description of
the problem; it lies beyond the scope of this See Section 4 for further discussion of ballistic
electrons.
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2.2 Numerical results
Solving the complete eTTM requires knowledge of the temperature dependence of
all parameters. In the current manuscript, we study the temperature-independent
(essentially, linear) case, relevant for low intensities whereby the temperature rise
is modest. Thus, we neglect the temperature-dependence of all parameters. Any
changes associated with the temperature dependence of the parameters (specif-
ically, the heat capacity) make only modest quantitative changes to the results
shown below. Under these conditions, the solution of Eq. (2) is [41]
UNTe (~r, t) =
√
πτpump
2
pabs(~r, t)e
ΓNT
2
τ2pump/4−Γ
NT t
[
1 + erf
(
t
τpump
− Γ
NT τpump
2
)]
.
(6)
For a short pump pulse, UNTe ∼ δ(t)e−ΓNT t, such that pump pulse and NT en-
ergy peak together. For a longer pump pulse, the NT energy becomes maximal
later than the peak of the pump pulse. Furthermore, the non-instantaneous ther-
malization gives rise to a smeared source for the electron temperature equation
compared to the source appearing in the TTM [14] (which is just 〈pabs〉 (3)).
We now solve Eqs. (2)-(5) for the case in which the metal film is optically thin
(w ≪ δskin) and the illumination is periodic (pabs sin cos(2πx/d)). Accordingly,
we assume that all quantities depend only on x and t and look at the dynamics
within a single period d. In addition, we assume that the pump pulse is the
shortest time-scale in the system (i.e., τpump ≪ τdiff , 1/ΓNT , 1/ΓTe, ...); the latter
choice is motivated a-posteriori by the weak dependence on the pump duration
observed in further simulations (not shown). The parameters used in the solution
of the eTTM (2)-(5) are given in Table 1, suitable for Au. We assume that the
pump illuminates the sample near its plasmon resonance with a local field of
∼ 30MV/m.4 Importantly, the comparisons below are performed for the same
local field (hence, absorbed power density) within a single unit-cell.
Parameter Value Units Reference
Ce 2 · 104 Jm−3K−1 [42]
Cph 2.5 · 106 Jm−3K−1 [42]
Ge−ph 2.5 · 1016 Jm−3K−1s−1 [43]
Γe 2 · 1012 s−1 [20]
ΓNT 2 · 1012 s−1 [20]
ΓTe 1.25 · 1012 s−1 [20]
ΓTph 1010 s−1 [20]
Ke 315 Wm
−1K−1 [42]
τpump 100 fs —–
λpump 500 nm —–
Table 1: Parameters used in the numerical solution of the eTTM (2)-(5).
4Note that we avoid specifying the local intensity, as it is a somewhat improper quantity
to use in the context of metals. Indeed, the negative real part of the permittivity causes the
fields within the metal to be primarily evanescent, hence, not to carry energy (such that the
Poynting vector, hence, intensity vanish, at least in the absence of absorption). Instead, we use
the local density of electromagnetic energy, by specifying the local electric field, which is easy
to connect to the incoming field.
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Figs. 1(a)-(c) show maps of the spatio-temporal dynamics of Te for different
illumination periods d (hence, different diffusion times). Figs. 1(d)-(f) show the
corresponding cross-sections of Te at xmax = 0 (where the illumination intensity
is maximal), and at xmin = d/2 (no illumination; UNTe (xmin) = 0). In all cases,
Te(xmax) initially builds up due to thermalization (i.e., due to energy transfer
from the NT electrons to thermal ones); the maximal relative temperature rise is
∼ 90%, ∼ 70%, ∼ 55% for the three cases we simulated. The temperature at xmax
then gradually decreases due to both e − ph energy transfer and electron heat
diffusion. The latter effect causes Te(xmin) to build up as well, despite not being
initially illuminated (hence, this is a spatially non-local effect). Figs. 1(g)-(i) show
the electron temperature grating contrast, defined as δT ge ≡ Te(xmax)−Te(xmin).
We can identify 2 limits -
• The spatially local limit, 1/ΓNT , 1/ΓTe ≪ τdiff , i.e., when the elec-
tron heat diffusion is much slower than the local relaxation of Te (see
Figs. 1(a) & (d)). In this case, most of the electron heat is transferred
to the lattice before any significant amount of heat reaches the minimum
point from the maximum point. As a result, the high temperature region
is localized and the electron temperature grating contrast is maximal.
• The spatially non-local limit, 1/ΓNT , 1/ΓTe & τdiff , i.e., when the elec-
tron heat diffusion is faster than the local energy relaxation of NT electrons
(see Figs. 1(c) & (f)). In this case, the fast diffusion of electron heat limits
the heating of the illuminated regions, while promoting the heating of the
un-illuminated regions (as also observed previously in [23]). Consequently,
the high temperature region is relatively delocalized and the electron tem-
perature grating contrast, δT ge , is minimal.
For any choice of parameters between these two extremes, a non-negligible
amount of heat is transferred from the maximum point to the lattice before it
reaches the minimum point.
Further simulations show that as the pump duration is increased (at a fixed
pulse energy), the temporal maximum of Te(xmax) drops only slightly and the
temperature at the minimum remains roughly the same, so that the electron
temperature grating contrast decreases only slightly as well. Accordingly, we do
not pursue the study of longer pulses.
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Figure 1: Spatio-temporal dynamics of the temperature of the electrons Te for
an optically thin metal film when the diffusion time (1) and period d are (a)
τdiff = 3.6ps and d = 1.6µm, (b) τdiff = 430fs and d ≈ 0.5µm and (c)
τdiff = 150fs and d ≈ 0.3µm. (d)-(f) Cross-sections of the maps directly above,
specifically, Te(xmax) (solid line), and Te(xmin) (dashed line). (g)-(i) The corre-
sponding grating contrasts in log scale (blue solid lines), along with the exponen-
tial fits of the decay stage (dashed red lines).
In order to quantify the decay dynamics of the grating contrast, we plot in
Fig. 2(a) the temporal maximum of Te(xmax) and Te(xmin) for different values of
τdiff . One can see a weak dependence of the maximal values except for very short
diffusion where Te(xmax) drops and Te(xmin) increases. Accordingly, the grating
contrast decreases for shorter diffusion times (Fig. 2(b)).
We now define τ eg as the characteristic time scale in which the electron tem-
perature contrast is erased. To determine τ eg , we fit the decay stage of the grating
contrast to an exponential function. One can see in Fig. 2(c) that when the diffu-
sion time is long, the grating is erased much faster than the diffusion time (1); this
happens due to the local effect of e− ph energy transfer which occurs roughly on
a 1/ΓTe time scale5. When the diffusion is faster, then, the grating erasure time
5The simulations show that the erasure time is can becomes slightly slower than 1/ΓTe; this
is possible because unlike τge , the e − ph energy transfer time 1/ΓTe is not defined exactly as
the exponential decay time of the contrast decay.
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drops slightly but is then limited by the thermalization rate, 1/ΓNT . This effect
originates from the temporally non-local nature of the thermo-optic response of
the metal. In particular, the absorbed energy is “converted” into heat gradually,
on the time scale of 1/ΓNT , such that the grating contrast erasure is smeared
over a similar time scale. Mathematically, it is indeed easy to see that in the
extreme spatial non-local limit (d → 0, hence, τdiff → 0), the coupling term
is negligible with respect to the diffusion term, such that the dynamics of the
electron temperature is dictated by the convolution between the smeared source
and the impulse response of the system (namely, the Green’s function of the sin-
gle temperature heat equation). Simulations performed with artificially reduced
thermalization time indeed confirm this interpretation (not shown). The peaking
time of the temperature at the minimum (Te(xmin)) exhibits a similar trend but
slightly delayed; this happens because the temperature rise at xmin starts only
after the thermalization time 1/ΓNT (more accurately, a fit shows ∼ 1.35/ΓNT ).
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Figure 2: (a) Maximum values of Te(xmax) (solid line) and Te(xmin) (dash-dotted
line) as function of diffusion time τdiff for an infinitely thin metal film. (b) The
corresponding grating contrasts. (c) τ ge (solid) and time at which maxt[Te(xmin)]
is achieved (dash-dotted line) as a function of the diffusion time. The dotted line
represents τdiff + 1.35/Γ
NT . The dashed lines in all subplots represent 1/ΓNT .
Peculiarly, the later stages of the dynamics reveal that the rapid grating con-
trast slows down significantly. Additional numerical simulations of the complete
eTTM (not shown) show that the diffusion proceeds at the phonon diffusion
rate [35, 26]; c;early, this occurs due to the coupling the of the electrons to the
phonons (the grating erasure is indeed complete if the electrons are artificially
decoupled from the phonons (not shown)). Within the few picosecond range, the
residual contrast is . 1%, specifically, it is a few degrees for the local case but, as
one might expect, it is much lower, a fraction of a degree, in the non-local case;
naturally, the contrast decreases for a stronger electron thermal conductivity.
In order to complete the picture of the heat dynamics, we also show the
spatio-temporal dynamics of the phonon temperature. One can observe a similar
behaviour in the local and non-local limits. Importantly, the actual phonon diffu-
sion is faster than its intrinsic value because of the fast electron heat diffusion and
the local e − ph energy transfer. We also observe the non-zero residual phonon
temperature grating contrast in the few picosecond regime; this residual phonon
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grating contrast is, however, much stronger than for the electron temperature -
it is 100%, 50%, 30% of the maximal phonon temperature rise, respectively, for
the simulations in Fig. 1, specifically, at a few degree level.
Figure 3: Same as Fig. 1 for Tph.
3 Permittivity dynamics
We use the temperature-dependent permittivity model described in [26] to de-
scribe the spatio-temporal dynamics of the metal permittivity ǫm(Te, Tph) induced
by the change in the temperatures. Specifically, the probe pulse is centered at
850nm for which the contribution of interband transitions to the permittivity can
be lumped into a single (temperature-independent) constant ǫ∞. Accordingly, we
refer below only to ǫintram (Te, Tph).
Fig. 4 shows an initial rise of the permittivity due to the Te rise and a cor-
responding relative permittivity change below 1% for the cases plotted in Fig. 1
(compare to a 90% relative change in the electron temperature). At later stages,
the sensitivity to phonon temperature becomes dominant such that for the 1%
change of Tph, a 0.1% change of the permittivity is obtained. This implies on
much higher sensitivity of the permittivity to the phonon temperature, and a
permittivity thermoderivative of ∼ 0.1/K; such values are comparable to those
found in the ellipsometry measurements described in [44].
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It is interesting to note that the permittivity change occurs mostly due to the
change in the imaginary part of the permittivity. This is similar to the theoretical
and experimental observations in the CW case reported in [45, 46].
Overall, the above results show that the permittivity change depends on the
period (i.e., on the spatial frequency) even though the total absorbed power (and
intensity) are the same for all cases. Thus, the nonlinearity at short times (and to
a lesser extent, also in the picosecond time scale) changes with the period. This
implies that in addition to the temporal nonlocal nature of the metal response
(see [47]), the nonlinear thermo-optic response of metals has also a spatial non-
local aspect, an aspect which may contribute to the multiplicity of values assigned
for the nonlinearity across the literature (see, e.g., [38, 39]).
Figure 4: Same as Fig. 1 for ǫintram (Te, Tph).
4 Discussion
The results shown in this manuscript are robust to the various approximations
made in our model. Specifically, the phonon diffusion does not change the dy-
namics described above (indeed, it is a much weaker effect compared with the
electron-induced phonon diffusion); there is no sensitivity to the pump dura-
tion nor to the metal layer thickness. Indeed, previous studies (e.g., [35, 24, 26]
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showed that accounting for the finite thickness accounts only to modest quanti-
tative changes in the temperature dynamics.
Our simulations show that, quite peculiarly, the diffusion determines the grat-
ing erasure time only in a rather narrow regime of timescales in which 0.5ps ∼
1/ΓNT ≪ τdiff ≪ 1/ΓTe ∼ 1.25ps. Out of this regime, the grating erasure time
is dominated by the spatially non-local effects (ΓNT and ΓTe , respectively) and
the diffusion determines directly only the build up time of the heat in the mini-
mum illumination points for short diffusion times. While this result is expected
for micron-scale periods (weak diffusion), it is quite un-intuitive for sub-micron
periods. It originates from the relatively long thermalization times (e.g., with
respect to silicon) [48]. This also means, for example, that heat diffusion will be
less important in a semiconductor such as GaAs for which the thermalization is
even slower [48].
This work shows that there are quite a few aspects of ultrafast heat diffusion
which deserve further research, especially if combined with the acoustic dynamics
occurring on the several picosecond time-scales [49, 50, 51]. Our analysis, and
especially the non-local nature of the permittivity change is also essential for un-
derstanding the nonlinear thermo-optic response of metals. In particular, it shows
that the nonlinear thermo-optic response depends not only on the pump and
probe wavelengths, the illumination intensity and duration (see e.g. [38]??), but
also on the spatial distribution of the pump, namely, its spatial (in)homogeneity.
Our work will hopefully also motivate similar works in additional high mobility
materials such as graphene, and other 2D materials. From the applied physics
perspective, our results show that since the grating contrast does not disappear
on a picosecond time scale, TBGs applications based on metals are expected to
work only for very short diffusion times (strong diffusion, non-local case), so that
they might be less attractive compared to transient dynamics of free carriers in
semiconductors [29].
Finally, while the eTTM handles correctly the temperature dynamics at all
times, the diffusion of the non-thermal electrons (i.e., within the first half pi-
cosecond or so, before complete thermalization) was neglected. In this regime,
heat transport might even be ballistic. While some papers discuss this regime
(see e.g., [1, 6]), they introduce ballistic transport phenomenologically, sometimes
even within the eTTM formulation. However, it is clear that a proper model for
ballistic transport has to be derived from the Boltzmann equation, something
that to the best of our knowledge, was not done so far. Experimentally, there
have been some studies of vertical heat transport based on a configuration in
which the pump and probe are incident on opposing interfaces of a metal film
(see [27, 28]), however, for lateral heat transport, there has been no evidence for
ballistic diffusion even when using 10 femtosecond temporal resolution, see [26].
Convincing models and measurements of heat transport in this regime will also
be useful for resolving arguments regarding charge transfer on the femtosecond
scale which are relevant for non-thermal (the so called “hot”) electron studies,
and their application for photocatalysis and photodetection [4, 5, 52] and should
eventually be combined with models of additional transport effects associated
with interband transitions (see e.g., [53, 54]).
Acknowledgements. The authors thank A. Block, P. Chen and I. W. Un
for many useful discussions. Y. S. was partially supported by Israel Science
Foundation (ISF) Grant No. 899/16.
11
References
[1] J. Hohlfeld, S.-S. Wellershoff, J. Gu¨dde, U. Conrad, V. Ja¨hnke, and
E. Matthias. Electron and lattice dynamics following optical excitation of
metals. Chemical Physics, 251:237–258, 2000.
[2] T. Stoll, P. Maioli, Aure´lien Crut, N. Del Fatti, and F. Valle´e. Advances in
femto-nano-optics: ultrafast nonlinearity of metal nanoparticles. Eur. Phys.
J. B, 87:260, 2014.
[3] G. Baffou, R. Quidant, and F. J. Garcia de Abajo. Nanoscale control of
optical heating in complex plasmonic systems. ACS Nano, 4:709–716, 2010.
[4] Y. Dubi and Y. Sivan. “hot electrons” in metallic nanostructures - non-
thermal carriers or heating? Light: Science and Applications - Nature,
accepted; https://arxiv.org/abs/1810.00565, 2018.
[5] Y. Sivan, I. W. Un, and Y. Dubi. Assistance of plasmonic nanostructures to
photocatalysis – just a regular heat source. Faraday Discussions, 214:215–
233, 2019.
[6] A. Suslova and A. Hassanein. Numerical simulation of ballistic electron
dynamics and heat transport in metallic targets exposed to ultrashort laser
pulse. J. Appl. Phys., 124:065108, 2018.
[7] Y. Sivan, I. W. Un, and Y. Dubi. Thermal effects - an alternative mecha-
nism for plasmonic-assisted photo-catalysis. Nature Catalysis, under review;
https://arxiv.org/abs/1902.03169, 2019.
[8] X. Zhang, X. Li, M. E. Reish, D. Zhang, N. Q. Su, Y. Gutie¨rrez, F. Moreno,
W. Yang, H. O. Everitt, , and J. Liu. Plasmon-enhanced catalysis: Dis-
tinguishing thermal and nonthermal effects. Nano Letters, 18:1714–1723,
2018.
[9] X. Li, X. Zhang, H. O. Everitt, and J. Liu. Light-induced thermal gradients
in ruthenium catalysts significantly enhance ammonia production. Nano
Letters, 19:1706–1711, 2019.
[10] X. Li, H. O. Everitt, and J. Liu. Confirming nonthermal plasmonic effects
enhance co2 methanation on rh/tio2 catalysts. Nano research, 19:1706–1711,
2019.
[11] G. Baffou and R. Quidant. Thermo-plasmonics: using metallic nanostruc-
tures as nano-sources of heat. Laser Photon. Rev., 7:171–187, 2013.
[12] U. Guler, A. Boltasseva, and V. M. Shalaev. Refractory plasmonics. Science,
334:263, 2014.
[13] J. Baraban, I. W. Un, Y. Sivan, and Y. Dubi. Comment on “quantifying
hot carrier and thermal contributions in plasmonic photocatalysis”. Science,
364:eaaw9367, 2019.
[14] S.I. Anisimov, B.L. Kapeilovich, and T.I. Perelman. Electron emission from
metal surfaces exposed to ultrashort laser pulses. Sov. Phys. JETP, 39:375–
378, 1974.
12
[15] E. Carpene. Ultrafast laser irradiation of metals: Beyond the two-
temperature model. Phys. Rev. B, 74:024301, 2006.
[16] G. Della Valle, M. Conforti, S. Longhi, G. Cerullo, and D. Brida. Real-time
optical mapping of the dynamics of nonthermal electrons in thin gold films.
Phys. Rev. B, 86:155139, 2012.
[17] N. Del Fatti, C. Voisin, M. Achermann, S. Tzortzakis, D. Christofilos, and
F. Vallee´. Nonequilibrium electron dynamics in noble metals. Phys. Rev. B,
61:16956–16966, 2000.
[18] R. H. M. Groeneveld, R. Sprik, and A. Lagendijk. Femtosecond spectroscopy
of electron-electron and electron-phonon energy relaxation in Ag and Au.
Phys. Rev. B, 51:11433–11445, 1995.
[19] R.W. Schoenlein, W.Z. Lin, J.G. Fujimoto, and G.L. Eesley. Femtosecond
studies of nonequilibrium electronic processes in metals. Phys. Rev. Lett,
58:1680–1683, 1987.
[20] C. K. Sun, F. Vallee´, L. H. Acioli, E. P. Ippen, and J. G. Fujimoto. Fem-
tosecond tunable measurement of electron thermalization in gold. Phys. Rev.
B, 50:15337–15448, 1994.
[21] I. W. Un and Y. Sivan. Size-dependence of the photothermal response of a
single metal nanosphere. https://arxiv.org/abs/1907.01255, 2019.
[22] J. B. Khurgin, G. Sun, W. T. Chen, W.-Y. Tsai, and D. P. Tsai. Ultrafast
thermal nonlinearity. Scientific Reports, 5:17899, 2015.
[23] S. Peruch, A. Neira, G. A. Wurtz, B. Wells, V. A. Podolskiy, and A. V. Za-
yats. Geometry defines ultrafast hot-carrier dynamics and kerr nonlinearity
in plasmonic metamaterial waveguides and cavities. Adv. Optical Mater.,
5:1700299, 2017.
[24] O. Lozan, R. Sundararaman, B. Ea-Kim, Je.-M. Rampnoux, P. Narang,
S. Dilhaire, and Philippe Lalanne. Increased rise time of electron temperature
during adiabatic plasmon focusing. Nature Communications, 8:1656, 2017.
[25] L. H. Nicholls, T. Stefaniuk, M. E. Nasir, F. J. Rodr´ıguez-Fortu no, G. A.
Wurtz, and A. V. Zayats. Designer photonic dynamics by using non-uniform
electron temperature distribution for on-demand all-optical switching times.
Nature Communications, 10:2967, 2017.
[26] A. Block, M. Liebel, R. Yu, M. Spector, J. Garc´ıa de Abajo, Y. Sivan, and
N. F. van Hulst. Tracking ultrafast hot-electron diffusion in space and time
by ultrafast thermomodulation microscopy. Science Advances, 5:eaav8965,
2019.
[27] S. D. Brorson, J. G. Fujimoto, and E. P. Ippen. Femtosecond electronic
heat-transport dynamics in thin gold films. Phys. Rev. Lett., 59:1962, 1987.
[28] S. Edward, A. Antoncecchi, H. Zhang, H. Sielcken, S. Witte, and P. C. M.
Planken. Detection of periodic structures through opaque metal layers by op-
tical measurements of ultrafast electron dynamics. Optics Express, 28:23380,
2018.
13
[29] Y. Sivan, G. Ctistis, E. Yu¨ce, and A.P. Mosk. Femtosecond-scale switching
based on excited free-carriers. Optics Express, 23:16416–16428, 2015.
[30] M. Lipson. Guiding, modulating, and emitting light on silicon - challenges
and opportunities. J. Lightwave Technol., 23:4222, 2005.
[31] E. Matthias, M. Reichling, J. Siegel, W. Ka¨ding, S. Petzoldt, H. Skurk,
P. Bizenberger, and E. Neske. The influence of thermal diffusion on laser
ablation of metal films. Applied Physics A, 58:129–136, 1994.
[32] O. W. Ka¨ding, H. Skurk, A. A. Maznev, and E. Matthias. Transient thermal
gratings at surfaces for thermal characterization of bulk materials and thin
films. Applied Physics A, 61:253–261, 1995.
[33] K. Katayama, T. Sawada, and Q. Shen. Detection of photoinduced elec-
tronic, thermal, and acoustic dynamics of gold film using a transient reflect-
ing grating method under three types of surface plasmon resonance condi-
tions. Physical Review B, 58:8428–8436, 1998.
[34] Y. Takata, H. Haneda, T. Mitsuhashi, and Y. Wada. Evaluation of thermal
diffusivity for thin gold films using femtosecond. Applied Surface Science,
189:227–233, 2002.
[35] A. A. Maznev, J. A. Johnson, and K. A. Nelson. Non-equilibrium transient
thermal grating relaxation in metal. Appl. Phys., 109:073517, 2011.
[36] J.-Y. Ou, E. Plum, J. Zhang, and N. I. Zheludev. Giant nonlinearity of
an optically reconfigurable plasmonic metamaterial. Adv. Materials, 28:729–
733, 2016.
[37] G. A. Wurtz, R. J. Pollard, W. R. Hendren, G. P. Wiederrecht, D. J. Gosz-
tola, V. A. Podolskiy, and A. V. Zayats. Designed ultrafast optical nonlin-
earity in a plasmonic nanorod metamaterial enhanced by nonlocality. Nature
Nanotechnology, 6:107–111, 2011.
[38] R. W. Boyd, Z. Shi, and I. De Leon. The third-order nonlinear optical
susceptibility of gold. Opt. Comm., 326:74–79, 2014.
[39] M. Kauranen and A. V. Zayats. Nonlinear Plasmonics. Nature Photonics,
6:737–748, 2012.
[40] J. R. M. Saavedra, A. Asenjo-Garcia, and F. Javier Garcia de Abajo. Hot-
electron dynamics and thermalization in small metallic nanoparticles. ACS
Photonics, 3:1637–1646, 2016.
[41] F. Masia, W. Langbein, and P. Borri. Measurement of the dynamics of
plasmons inside individual gold nanoparticles using a femtosecond phase-
resolved microscope. Phys. Rev. B, 85:235403, 2012.
[42] N. W. Ashcroft and N. D. Mermin. Solid state physics. Brooks/Cole, 1976.
[43] P.B. Allen. Theory of thermal relaxation of electrons in metals. Phys. Rev.
Lett, 59:1460–1463, 1987.
14
[44] P.-T. Shen, Y. Sivan, C.-W. Lin, H.-L. Liu, C.-W. Chang, and S.-
W. Chu. Temperature- and -roughness dependent permittivity of an-
nealed/unannealed gold films. Optics Express, 24:19254, 2016.
[45] H.-Y. Wu, Y.-T. Huang, P.-T. Shen, H. Lee, R. Oketani, Y. Yonemaru,
M. Yamanaka, S. Shoji, K.-H. Lin, C.-W. Chang, S. Kawata, K. Fujita, and
S.-W. Chu. Ultrasmall all-optical plasmonic switch and its application to
superresolution imaging. Scientific Reports, 6:24293, 2016.
[46] I. Gurwich and Y. Sivan. A metal nanosphere under intense continuous wave
illumination - a unique case of non-perturbative nonlinear nanophotonics.
Phys. Rev. E, 96:012212, 2017.
[47] A. Marini, M. Conforti, G. Della Valle, H.W. Lee, Tr.X. Tran, W. Chang,
M.A. Schmidt, S. Longhi, P.St.J. Russell, and F. Biancalana. Ultrafast
nonlinear dynamics of surface plasmon polaritons in gold nanowires due to
the intrinsic nonlinearity of metals. New. J. Phys., 15:013033, 2013.
[48] T.G. Euser. Ultrafast optical switching of photonic crystals, PhD Thesis.
2007.
[49] M. Pelton, J. E. Sader, J. Burgin, M. Liu, P. Guyot-Sionnest, and D. Gosz-
tola. Damping of acoustic vibrations in gold nanoparticles. Nature nanotech-
nology, 4:492, 2009.
[50] K. O’Brien, N.D. Lanzillotti-Kimura, J. Rho, H. Suchowski, X. Yin, and
X. Zhang. Ultrafast acousto-plasmonic control and sensing in complex nanos-
tructures. Nat. Commun., 5:4042, 2014.
[51] A. Crut, P. Maioli, N. Del Fatti, and F. Valle´e. Time-domain investigation
of the acoustic vibrations of metal nanoparticles: Size and encapsulation
effects. Ultrasonics, 56:98–108, 2015.
[52] J. Aizpurua et al. Dynamics of hot electron generation in metallic nanos-
tructures: general discussion. Faraday Discussions, 214:123–146, 2019.
[53] V. M. Shalaev, C. Douketis, and M. Moskovits. Light-induced drift of elec-
trons in metals. Phys. Lett. A, 169:205, 1992.
[54] V. M. Shalaev, C. Douketis, J. T. Stuckless, and M. Moskovits. Light-induced
kinetic effects in solids. Phys. Rev. B, 53:11388, 1996.
15
